Combining anticatabolic agents with parathyroid hormone (PTH) to enhance bone mass has yielded mixed results in osteoporosis patients. Toward the goal of enhancing the efficacy of these regimens, we tested their utility in combination with loss of the transcription factor Nmp4 because disabling this gene amplifies PTH-induced increases in trabecular bone in mice by boosting osteoblast secretory activity. We addressed whether combining a sustained anabolic response with an anticatabolic results in superior bone acquisition compared with PTH monotherapy. Additionally, we inquired whether Nmp4 interferes with anticatabolic efficacy. Wild-type and Nmp4 2/2 mice were ovariectomized at 12 weeks of age, followed by therapy regimens, administered from 16 to 24 weeks, and included individually or combined PTH, alendronate (ALN), zoledronate (ZOL), and raloxifene (RAL). Anabolic therapeutic efficacy generally corresponded with PTH + RAL = PTH + ZOL . PTH + ALN = PTH . vehicle control. Loss of Nmp4 enhanced femoral trabecular bone increases under PTH + RAL and PTH + ZOL. RAL and ZOL promoted bone restoration, but unexpectedly, loss of Nmp4 boosted RAL-induced increases in femoral trabecular bone. The combination of PTH, RAL, and loss of Nmp4 significantly increased bone marrow osteoprogenitor number, but did not affect adipogenesis or osteoclastogenesis. RAL, but not ZOL, increased osteoprogenitors in both genotypes. Nmp4 status did not influence bone serum marker responses to treatments, but Nmp4 2/2 mice as a group showed elevated levels of the bone formation marker osteocalcin. We conclude that the heightened osteoanabolism of the Nmp4 2/2 skeleton enhances the effectiveness of diverse osteoporosis treatments, in part by increasing hyperanabolic osteoprogenitors. Nmp4 provides a promising target pathway for identifying barriers to pharmacologically induced bone formation.
Combining anticatabolic agents with parathyroid hormone (PTH) to enhance bone mass has yielded mixed results in osteoporosis patients. Toward the goal of enhancing the efficacy of these regimens, we tested their utility in combination with loss of the transcription factor Nmp4 because disabling this gene amplifies PTH-induced increases in trabecular bone in mice by boosting osteoblast secretory activity. We addressed whether combining a sustained anabolic response with an anticatabolic results in superior bone acquisition compared with PTH monotherapy. Additionally, we inquired whether Nmp4 interferes with anticatabolic efficacy. Wild-type and Nmp4 2/2 mice were ovariectomized at 12 weeks of age, followed by therapy regimens, administered from 16 to 24 weeks, and included individually or combined PTH, alendronate (ALN), zoledronate (ZOL), and raloxifene (RAL). Anabolic therapeutic efficacy generally corresponded with PTH + RAL = PTH + ZOL . PTH + ALN = PTH . vehicle control. Loss of Nmp4 enhanced femoral trabecular bone increases under PTH + RAL and PTH + ZOL. RAL and ZOL promoted bone restoration, but unexpectedly, loss of Nmp4 boosted RAL-induced increases in femoral trabecular bone. The combination of PTH, RAL, and loss of Nmp4 significantly increased bone marrow osteoprogenitor number, but did not affect adipogenesis or osteoclastogenesis. RAL, but not ZOL, increased osteoprogenitors in both genotypes. Nmp4 status did not influence bone serum marker responses to treatments, but Nmp4
mice as a group showed elevated levels of the bone formation marker osteocalcin. We conclude that the heightened osteoanabolism of the Nmp4 2/2 skeleton enhances the effectiveness of diverse osteoporosis treatments, in part by increasing hyperanabolic osteoprogenitors. Nmp4 provides a promising target pathway for identifying barriers to pharmacologically induced bone formation. A coveted but elusive goal in osteoporosis therapy is to replace the bone lost to this disease while reducing fracture risk (1) , and parathyroid hormone (PTH; teriparatide) as well as the PTH-related protein analog, abaloparatide, are the only Food and Drug Administration-approved compounds capable of stimulating new bone formation. However, the rate of PTH-induced net bone gain diminishes within months of initiating treatment (2, 3) , and therapy duration is currently restricted to 24 months (4). These limitations constrain PTH efficacy for treating this chronic degenerative bone disease.
One approach to extend the duration of PTH anabolic efficacy is through combination therapy. Combination treatment is based upon the hypothesis that the joint actions of the osteoanabolic PTH with the action of a drug that attenuates bone resorption such as bisphosphonates, raloxifene (RAL), or denosumab will lead to more bone and lower fracture risk than monotherapy with either agent alone. Unfortunately, combining PTH therapy with an anticatabolic agent has yielded mixed results (5) (6) (7) (8) with about as many studies showing improvement with combination therapies (9-13) as those showing no significant advantage (14) (15) (16) (17) . In most clinical studies, the efficacy of combination treatment is based on biomarkers and bone mineral density (BMD). Reduced efficacy is attributed to a blunting of the PTH anabolic action by the added anticatabolic treatment (7) .
Disabling nuclear matrix protein 4 (Nmp4, also known as Ciz, Zfp384) may present a means of modifying the skeletal response to PTH combination therapy. Nmp4 is a transcription factor that represses certain genes and enhances transcription of others (18, 19) . These mice harboring a loss-of-function mutation in the Nmp4 gene (Nmp4 2/2 mice) have an unremarkable skeletal phenotype until challenged with any one of several anabolic stimuli (e.g., PTH, Bmp2), which elicits enhanced and accelerated bone formation (18, (20) (21) (22) (23) . Moreover, ovariectomy does not nullify the large osteogenic response (18) to PTH. Nmp4 2/2 mice are healthy under typical vivarium conditions. They show normal growth and development and do not exhibit shortened life expectancy compared with their wild-type (WT) littermates. The female mice are fertile; however, a small percentage of males show sporadic infertility due to increased occurrence of spermatogenic apoptosis (24) . Of interest, a recent report demonstrates that disabling Nmp4 suppresses the induction of serum transferinduced arthritis (25) . Therefore, the Nmp4 2/2 phenotype exhibits several promising preclinical assets (18, (20) (21) (22) exhibit an accelerated and enhanced mineralization (18) . Bioinformatic profiling of our genome-wide ChIP-seq data, combined with array analysis, identified a network of genes outlining an antianabolic axis that suppresses osteoblast activity (18) . Many genes showing enhanced messenger RNA expression in the null cells are osteoblast secretory proteins, including osteocalcin (Oc), osteopontin (Opn), collagen (Col1a1), and Bmp2 (18). Consistent with these findings, Nmp4 2/2 mice show enhanced levels of serum OC under PTH therapy (21) . This enhanced secretory activity is supported by elevated ribosome biogenesis and an expanded and sustained unfolded protein response (UPR) that enlarges the capacity of the endoplasmic reticulum to synthesize and deliver bone matrix in these professional secretory cells (26) . The ability of these mice to have a robust and sustained response to PTH therapy makes them a useful model to test aspects of combination therapy. Our previous studies have revealed that Nmp4 inhibition represents an attractive strategy to enhance anabolic therapy in bone. However, it remains to be determined whether Nmp4 inhibition can enhance the efficacy of anticatabolic therapies in the skeleton. Therefore, the goal of this study was twofold, as follows: (1) to test the hypothesis that combining a sustained anabolic response to PTH with an anticatabolic agent results in superior bone acquisition compared with PTH monotherapy alone; and (2) to test the hypothesis that Nmp4 does not interfere with the efficacy of antiresorptive agents. To test these hypotheses, we evaluated the efficacy of combining PTH therapies in ovariectomized mice (normal and Nmp4-null) with one of three anticatabolic drugs: the nitrogen-containing bisphosphonates alendronate (ALN) and zoledronate (ZOL) and the selective estrogen receptor modulator (SERM) RAL. Our findings demonstrate that loss of Nmp4 significantly enhances the response of combining PTH with anticatabolics and intriguingly improves the skeletal effects of the RAL monotherapy, but not the bisphosphonate monotherapies. The sustained anabolic effect may be driven, in part, by an expansion in the bone marrow pool of hyperanabolic osteoprogenitors. Nevertheless, disabling the Nmp4 antianabolic bone axis provides a potential strategy for improving diverse existing osteoporosis treatments. 
Bilateral ovariectomy surgery
The surgeries on 12-week-old virgin mice were performed, as previously described in detail (18) . To keep the study to 16 treatment groups, we did not perform sham surgeries because we have previously shown ovariectomy induces significant bone loss in both genotypes and there is no difference between the baseline skeletal phenotypes in healthy and ovariectomized mice (18, 20) .
Therapies
At 16 weeks of age, the ovariectomized mice were sorted into 16 treatment groups by weight and genotype. All mice were housed typically two to four per cage under standard conditions with ad libitum access to water and regular chow (Laboratory Rodent Diet 5001; LabDiet, St. Louis, MO). Each mouse received two sequential 100-mL injections per day containing the drugs or vehicle(s) 7 days/week for 8 weeks (see Fig. 1 for full details). ZOL and ALN were synthesized by the Indiana University-Purdue University Indianapolis Chemistry Core Facility, verified by nuclear magnetic resonance spectroscopy, and have been previously shown to produce the expected effects on bone remodeling (27, 28) . Mice receiving PTH were injected subcutaneously with synthetic human PTH 1-34 acetate salt (Bachem Americas, Inc., Torrance, CA) at 30 mg/kg/d, daily, a dose frequently used in mice to study PTH bone anabolic action in vivo. Doses of anticatabolic agents were based on human clinical doses. The standard ALN dose for treatment of osteoporosis is typically given as either a daily (10 mg) or weekly (70 mg) dose. Based on a 60-kg individual, this is ;1.17 mg/kg/wk. The human dose is oral and has an estimated bioavailability of ;0.6%, meaning that the absorbed dose is approximately 7 mg/kg/wk. We dosed via injection, assuming 100% absorption; thus, we delivered ALN at 1 mg/kg/d (12, 29, 30) . RAL is typically given clinically as a 60 mg daily dose. Based on a 60-kg patient, the dose would be 1 mg/kg/d. The assumption is 100% absorption; thus, the full dose is used when injecting (30, 31) . ZOL is typically given yearly at a dose of 5 mg. Based on a 60-kg patient, the dose is 0.083 mg/kg. Our single dose of 80 mg/kg approximates this amount (9, 32).
Dual energy X-ray absorptiometry
The postcranial skeleton and spine (L3-L5) areal BMD (mg/ cm 2 ) and bone mineral content (g) were evaluated in vivo using a PIXImus II densitometer, as previously described (20, 21) .
Microcomputed tomography
Trabecular and cortical bone architectures were analyzed, as we have previously described in detail (18, 21) . Briefly, after tissue preparation, the distal femur metaphysis and the L5 vertebral body were scanned using a Skyscan 1172. All scans were conducted at a 6-mm scan resolution. Three-dimensional 
Serum biochemistry
Serum osteocalcin was evaluated as a bone formation marker using enzyme-linked immunosorbent assay BTI Mouse Osteocalcin EIA Kit (Biomedical Technologies, Stoughton, MA). Serum C-terminal telopeptides (CTX) were assessed as an indicator for resorption using the RatLaps TM enzyme-linked immunosorbent assay (Immunodiagnostic System, Scottsdale, AZ). Serum osteoprotegerin and serum receptor activator of nuclear factor-kB ligand (RANKL) were determine using Mouse Osteoprotegerin/TNFRSF11B Immunoassay Kit and the Mouse TRANCE/RANK L/TNFSF11 Immunoassay Kit, respectively (R&D Systems, Minneapolis, MN).
Immunohistochemistry
Osterix was detected on formalin-fixed, paraffin-embedded sections by using primary antibodies from Abcam (human anti-SP7/osterix; ab 94744; Cambridge, MA). We followed the protocol described by Nissenson et al. (33, 34) , with some modifications. Briefly, slides were deparaffinized at room temperature in Coplin jars in three washes of xylene and rehydrated in a decreasing ethanol gradient. Endogenous peroxidases were deactivated with 3% H 2 O 2 for 5 minutes, and sections were blocked in phosphate-buffered saline (PBS) supplemented with 1.5% goat serum (Gibco BRL) for 30 minutes at room temperature. Sections were incubated with primary antibody (1:25 dilution) in blocking solution overnight at 4°C. Sections were then washed in PBS and incubated with the biotinylated goat anti-rabbit IgG (VectaStain Elite ABC Kit; Vector Laboratories, Burlingame, CA) for 45 minutes at room temperature. After washing with PBS, sections were incubated with VECTASTAIN ® ABC Reagent for 30 minutes at room temperature, followed by washing in buffer for 5 minutes. Incubating sections in peroxidase substrate solution, according to the manufacturer's instructions, achieved color development. Finally, counterstaining was accomplished by staining with 0.2% methyl green for 60 to 90 seconds, followed by dehydration in a series of ethanol and xylene changes, and mounted using coverslips with xylene-based mounting media.
Tartrate-resistant acid phosphatase (TRAP) staining was performed using a modified protocol based on the method of Erlebacher and Derynck (35) . In brief, formalin-fixed, paraffinembedded sections were deparaffinized, followed by rehydration via a sequential ethanol wash. Subsequently, slides were transferred to 0.2 M acetate buffer (pH 5.0) for 20 minutes at room temperature and then placed in medium containing napthol AS-MX phosphate (0.5 mg/mL; Sigma-Aldrich, St. Louis, MO; N4875) and fast red TR salt (1.1 mg/mL; SigmaAldrich; E6760) in acetate buffer for 60 minutes at 37°C before counterstaining with toluidine blue. Slides dried for 24 hours. Aqueous-base mounting media was added on top of the sample, and coverslip was applied.
Adipocytes were stained in deparaffinized slides that had been rehydrated using a sequential ethanol wash. Sections were then incubated in Sudan Black B solution for 3 hours. Subsequently, the slides were rinsed thoroughly in two changes of 70% isopropyl alcohol, followed by six changes of distilled water. The slides were counterstained in nuclear fast red solution for 10 minutes and rinsed again with two changes of distilled water. Slides were coverslipped with an aqueous-based mounting medium.
The stained bone marrow cells were counted using the Bioquant imaging software (Nashville TN). Bone marrow osteoprogenitors were counted within a 0.75-to 1-mm 2 area ;1 mm below the growth plate of the distal femur. Small, round cells within the marrow exhibiting a brown nucleus indicating positive staining for osterix were counted as osteoprogenitors, and then the count normalized to the tissue area selected. Adipocytes were counted within a 1.75-to 2-mm 2 area adjacent to the growth plate at the distal femur. Empty-appearing cells .30 mm in diameter and exhibiting a membrane positively stained with Sudan Black were counted and then normalized to tissue area. Finally, to determine the osteoclast surface, a 1.75-to 2-mm 2 area adjacent to the growth plate at the distal femur was selected; the surface of all TRAP + cells and the total trabecular surface in this region were measured. The ratio of the two, Trap + cell surface/bone surface (Trap + S/BS), was then calculated.
Flow cytometry
Cellular marker profiles from bone marrow were assessed using the antibodies CD45, CD146, CD105, and nestin (BD Biosciences, San Jose, CA), as previously described (18, 22) . Stained cells were analyzed on a FACSCalibur (BD Biosciences), and results were quantified using FlowJo Version 8.8.6 software (Tree Star).
Statistical analysis
Statistical packages JMP version 7.0.1 (SAS Institute, Cary, NC) and the Statistical Analysis System version 9.4 (SAS Institute) were used for analyses.
To test the hypothesis that combining a sustained anabolic response with an anticatabolic agent results in superior bone acquisition compared with PTH monotherapy, we compared the anabolic therapies PTH + RAL, PTH + ZOL, PTH + ALN, and PTH with each other and with vehicle control (VEH). To test our second hypothesis that Nmp4 does not interfere with the efficacy of antiresorptive agents, we compared the anticatabolic treatments ALN, ZOL, and RAL with each other and with VEH. All data were first analyzed for outliers using the interquartile range method to evaluate statistical dispersion (36) . Data were then analyzed with a two-way analysis of variance for effects of genotype and treatment, followed by a Tukey-Kramer post hoc test for comparison of more than two groups or Student t post hoc test for comparing WT and Nmp4 2/2 parameters as two groups. Statistical significance was set at P # 0.05. In these analyses, all experimental data were grouped by either genotype or treatment to determine whether either or both impacted the value of the endpoint parameter as well as whether genotype influenced the response to treatment (genotype 3 treatment interaction). Finally, to determine whether there was an interaction between PTH and any of the anticatabolic drugs, we performed a series of two-way analyses of variance using PTH and the antiresorptive drug in question as the independent variables.
Results
Effect of combination treatments using anabolic agents on bone PTH + RAL and PTH + ZOL synergistically enhanced therapeutic bone restoration; loss of Nmp4 further improved the actions of these treatments on femoral trabecular bone.
We have previously shown that loss of Nmp4 improves femoral trabecular bone response to PTH in both healthy and ovariectomized mice without compromising gains in cortical bone (18, (20) (21) (22) . To address the contribution of Nmp4 in regulating the response of trabecular bone to concurrent PTH combination therapies, we evaluated the distal femoral BV/TV of mice under these treatments. Mice administered the PTH + RAL and PTH + ZOL treatments yielded the highest femoral BV/TV in both WT and null mice, and these combination therapies surpassed femoral BV/TV obtained with the PTH monotherapy [ Fig. 2 (a) and 2(b); treatment effect, P , 0.0001]. Moreover, PTH showed a greater-than-additive (synergistic) interaction with RAL and ZOL at this site (Table 1 ). In contrast, the femoral BV/TV values of mice under the PTH + ALN treatment were equivalent to those values of the PTH monotherapy cohorts [ Fig. 2 (a); Table 1 ].
Loss of Nmp4 improved the gains in femoral BV/TV of PTH + RAL, PTH + ZOL, and PTH treatments [genotype 3 treatment interaction, P = 0.0038; Fig. 2 (a) and 2(b)]. The three-dimensional microcomputed tomography (micro-CT) images of the distal femur illustrate the differences in trabecular bone between the WT and Nmp4 2/2 VEH cohorts and various treatments (Fig. 3) . Similarly, the two-dimensional micro-CT images show the more extensive bone formation in the Nmp4 (Table 2) . Similarly, the Nmp4 2/2 mice exhibited a lower Tb.Sp under PTH + RAL and PTH + ZOL compared with WT mice (Table 2) . Finally, loss of Nmp4 enhanced increases in Tb.Th under PTH + ZOL and PTH. We next interrogated the impact of the therapies on vertebral trabecular bone. As we observed with the femoral BV/TV, the comparative efficacies of the anabolic treatment groups were PTH + RAL = PTH + ZOL . PTH + ALN = PTH . VEH [treatment effect, P , 0.0001; Table 1 ].
The loss of Nmp4 did not further enhance the efficacy of the anabolic treatments for restoring L5 BV/TV [ Fig. 2(d) and 2(e)]. However, the null mice showed an enhanced increase in Tb.Th under PTH + RAL, PTH + ZOL, and the PTH monotherapy ( Table 3 ). The threedimensional micro-CT images (Fig. 4) and twodimensional micro-CT [Supplemental Fig. 2(A-D) ] of the L5 vertebrae show comparative improvements that we observed in the trabecular architecture with various treatments.
Overstimulation of the PTH receptor has been reported to increase trabecular bone but decrease cortical bone formation in transgenic mice (37) . Therefore, to address whether the cortical bone gains in the Nmp4 2/2 mice were compromised under the present experimental therapies, we evaluated postcranial whole body (WB) BMD and femoral cortical geometry. Both WT and Nmp4 2/2 mice administered PTH + RAL yielded the highest WB BMD, exhibiting a strong treatment effect (P , 0.0001) but without a genotype 3 treatment interaction [ Fig. 5 (a) and 5(b)]. The PTH + RAL and PTH + ZOL cohorts exceeded the WB BMD observed in the PTH monotherapy cohorts, but only the PTH and RAL drugs showed a synergistic interaction and only for the WT mice (Table 1) . Furthermore, PTH + RAL was the only combination treatment that significantly improved femoral cortical area over the PTH monotherapy [ Fig. 5 (d) and 5(e)], and the drugs showed a significant interaction in the WT animals for this parameter (Table 1) . Finally, the anabolic treatments were equally efficacious for improving other aspects of cortical geometry (Table 4) . Therefore, although the loss of Nmp4 did not further improve the combination treatments' restorative efficacy, the gain in trabecular bone [ Fig. 2 (a) and 2(b)] did not compromise the improved gains in the cortical compartment.
Effects of anticatabolic treatments on bone RAL and ZOL promoted modest bone restoration; loss of Nmp4 further augmented RAL-induced increases in femoral trabecular bone.
The Nmp4 skeletal phenotype appears to be largely driven by the hyperanabolic activity of osteogenic cells (18, 22, 38) . Nevertheless, the response of the Nmp4 2/2 mice to antiresorptive therapy alone had not been reported; therefore, we analyzed the therapeutic efficacy of the SERM P , 0.0001 P , 0.0001
P , 0.0001 particularly notable in that it was the only anticatabolic that increased femoral Tb.Th in both genotypes (Table 5 ) and enhanced cortical area over the VEH cohorts [ Fig. 5(f) ], and the only antiresorptive that increased femoral cortical thickness and decreased femoral marrow area (Table 6 ). P , 0.0001 T: P , 0.0001 T: P , 0.0001 GxT: P = 0.02 GxT: P = 0. The micro-CT analyses of the femoral architecture in mice treated with the anabolic therapies. The data were analyzed using two-way analyses of variance using genotype and treatment as the independent variables. Statistical significance was set at P # 0.05, and levels not connected by the same letter are significantly different. The data represent mean 6 standard deviation, n = 7 to 12 mice per group.
Abbreviations: G, genotype; T, treatment.
However, its impact on L5 trabecular architecture was unexceptional (Table 7) . Unexpectedly, loss of Nmp4 enhanced RAL-induced increases in femoral BV/TV compared with WT mice [genotype 3 treatment interaction, P = 0.03; Fig. 2(c) ].
Moreover, under the RAL monotherapy, the null cohorts showed significantly higher femoral Tb.N and exhibited a lower femoral Tb.Sp compared with WT mice (Table 5) . Disabling Nmp4 did not amplify the response to the bisphosphonates. This would suggest that Nmp4 suppresses The micro-CT analyses of the L5 trabecular architecture in mice treated with the anabolic therapies. The data were analyzed using two-way analyses of variance comparing the anabolic therapies and the anticatabolic monotherapies. Statistical significance was set at P # 0.05, and levels not connected by the same letter are significantly different. The data represent mean 6 standard deviation, n = 7 to 12 mice per group.
Abbreviations: G, genotype; T, treatment. Figure 4 . Three-dimensional micro-CT images of the L5 vertebra from WT and Nmp4 2/2 mice (24 weeks of age). Mice were ovariectomized at a SERM-mediated pathway(s) mediating femoral trabecular bone restoration in our preclinical model.
The effects of combination treatments using anabolic agents on osteoprogenitor cells
The combination of PTH, RAL, and loss of Nmp4 significantly expanded the bone marrow osteoprogenitor pool but had no similar impact on the number of marrow adipocytes or TRAP + cells.
To address the cellular basis underlying the improved femoral trabecular bone response of Nmp4 2/2 mice over the WT animals, we counted various cell types in formalin-fixed, paraffin-embedded bone marrow sections using immunohistochemical analysis. We also used flow cytometry to obtain bone marrow cellular profiles. Based on the micro-CT imaging results, we largely limited our focus to VEH; the RAL, ZOL, and PTH monotherapies; and the PTH + RAL and PTH + ZOL combination treatments. We counted bone marrow cells that were positive for the early osteoblast-specific transcription factor osterix (39) as one method to identify osteoprogenitors [Supplemental Fig. 3(A-F) GxT: P = 0.92 GxT: P = 0.89 GxT: P = 0.18 GxT: P = 0.86
The micro-CT analyses of the femoral cortical geometry in mice treated with the anabolic therapies. The data were analyzed using two-way analyses of variance to compare the anabolic therapies and the anticatabolic monotherapies. Statistical significance was set at P # 0.05, and levels not connected by the same letter are significantly different. The data represent mean 6 standard deviation, n = 7 to 12 mice per group.
Abbreviations: G, genotype; T, treatment. The micro-CT analyses of the femoral architecture in mice treated with the anticatabolic therapies. The data were analyzed using two-way analyses of variance using genotype and treatment as the independent variables. Statistical significance was set at P # 0.05, and levels not connected by the same letter are significantly different. The data represent mean 6 standard deviation, n = 7 to 12 mice per group.
Abbreviations: G, genotype; T, treatment. cohorts had fewer TRAP + cells than the PTH groups, but both were equivalent to PTH + ZOL-and VEH-treated mice [treatment effect, P = 0.02; Fig. 7(e) ].
Effects of anticatabolic treatments on osteoprogenitor cells
We next addressed the impact of RAL, ZOL, and Nmp4 on the bone marrow osteoprogenitor pool in the anticatabolic arm of the study. The RAL monotherapy significantly elevated the number of osteoprogenitors compared with VEH cohorts, as determined by both IHC and flow cytometry analyses, but loss of Nmp4 did not impact the response of these cell populations to this antiresorptive [ Fig. 6 Fig. 7(f) ]. This genotype difference was not observed when analyzing the anabolic cohorts [ Fig. 7(e) ].
We conclude that the combination of PTH, RAL, and loss of Nmp4 is strongly restorative or nurturing for bone marrow osteoprogenitors, and that the substitution of ZOL for RAL abrogates this tonic effect in the null mice. GxT: P = 0.58 GxT: P = 0.25 GxT: P = 0.12 GxT: P = 0.10
The micro-CT analyses of the femoral cortical geometry in mice treated with the anticatabolic therapies. The data were analyzed using two-way analyses of variance to compare the anabolic therapies and the anticatabolic monotherapies. Statistical significance was set at P # 0.05, and levels not connected by the same letter are significantly different. The data represent mean 6 standard deviation, n = 7 to 12 mice per group.
Abbreviations: G, genotype; T, treatment. The micro-CT analyses of the L5 trabecular architecture in mice treated with the anticatabolic therapies. The data were analyzed using two-way analyses of variance to compare the anabolic therapies and the anticatabolic monotherapies. Statistical significance was set at P # 0.05, and levels not connected by the same letter are significantly different. The data represent mean 6 standard deviation, n = 7 to 12 mice per group.
Moreover, the loss of Nmp4 does not influence the number of bone marrow adipocytes or TRAP + cells under the strongly anabolic PTH + RAL therapy.
Effects of treatments on bone turnover markers
Nmp4 status did not influence serum profile response to any treatment.
To address the impact of Nmp4 on serum bone formation and resorption makers of select therapies, we evaluated osteocalcin, CTX, and the RANKL/osteoprotegerin (OPG) ratio in mice under the PTH, RAL, PTH + RAL, PTH + ZOL, and VEH therapies. Loss of Nmp4 elevated levels of the serum bone formation marker osteocalcin in mice under the anabolic therapies; however, there was no genotype 3 treatment interaction [genotype effect, P = 0.01; genotype 3 treatment, P = 0.12; Fig. 8(a) and 8(b) ]. The treatment groups PTH and PTH + ZOL exhibited significantly elevated serum osteocalcin compared with VEH controls, whereas the PTH + RAL cohorts were not significantly different from either VEH or the other two groups [treatment effect, P = 0.0022; Fig. 8(b) ].
Disabling Nmp4 had no impact on serum CTX and serum RANKL/OPG [no genotype effect or genotype 3 treatment interaction; Fig. 8(c-g) ]. Analysis by treatment groups showed that mice from the PTH + RAL therapy exhibited significantly elevated serum CTX levels compared with mice from the PTH + ZOL and VEH treatments [ Fig. 8(d) ]. The PTH + ZOL cohorts exhibited a significantly larger RANKL/OPG ratio than PTH and PTH + RAL, but none of these treatments were statistically different from VEH [ Fig. 8(f) ].
The RAL monotherapy did not alter serum osteocalcin or CTX (data not shown). This treatment did, however, elevate RANKL/OPG [ Fig. 8(g) ]. Therefore, only serum osteocalcin, and not the resorption markers, could broadly discriminate between the genotypes [genotype effect, P = 0.0107; Fig. 8(b) ]. However, Nmp4 status did not influence how any of the treatments altered serum marker profiles (no genotype 3 treatment interactions; Fig. 8 ). Finally, we noticed that the parameters of osteoclast size and bone resorption did not necessarily move in a parallel manner in our analysis. We have reported on this phenomenon before in healthy, nonovariectomized Nmp4 2/2 mice (21). This dissociation between CTX levels and osteoclast area may be due in part to the fact that CTX is a systemic measurement, whereas osteoclast area is a local measurement. An example of a similar observation is described in the Prx1-Cre; RBPjk f/f (PRBP) mouse (42) . Finally, Weinstein et al. (43) report that longterm ALN treatment is associated with an increase in the number of osteoclasts, and an increase in osteoclast size in healthy postmenopausal women.
Discussion
The blunting of PTH bone-forming efficacy may be a principal limitation of osteoporosis combination therapies (7) . We have previously demonstrated that deletion of Nmp4 enhances PTH-induced trabecular bone formation in experimental mice and, as such, the goals of this study were to determine whether combining this sustained anabolic response with an anticatabolic results in superior bone acquisition compared with PTH monotherapy. Additionally, we inquired whether Nmp4 interferes with anticatabolic efficacy. In principle, PTH combination therapies have the potential to maximize skeletal mass while maintaining a tonic level of remodeling by boosting bias toward bone formation and minimizing loss from resorption. We evaluated seven therapies against a control, including three anticatabolics singly and in concurrent combination with PTH in a preclinical osteoporosis model, comparing skeletal improvement in WT and Nmp4 2/2 mice. The PTH + RAL and PTH + ZOL combination treatments outperformed the PTH monotherapy throughout the skeleton, and loss of Nmp4 further leveraged the potency of these bonerestoring osteoanabolic regimens in some of the trabecular compartments. Unexpectedly, the Nmp4 2/2 mice also exhibited an enhanced femoral BV/TV response to RAL monotherapy. These improvements in the restoration of the trabecular bone compartment did not come at the expense of gains in cortical bone. Altogether, this is an exciting proof of principle, in scenarios of heightened osteoanabolism, that combination treatment can be more effective than PTH alone. The bone-forming efficacy of the concurrent PTH combination treatments in this study generally corresponded with PTH + RAL = PTH + ZOL . PTH + ALN = PTH . VEH, which parallels the results observed in several individual clinical studies, thus supporting the medical relevance of our findings and the potential clinical impact of disabling Nmp4. Deal et al. (44) compared the efficacy of PTH monotherapy with concurrent PTH + RAL in 117 postmenopausal women over a 6-month period. BMD in the concurrent group was numerically higher than the PTH monotherapy at the spine and hip, but this increase was only statistically significant at the hip (44) . In the PTH and alendronate study (16) , treatments of naive women were randomized to three groups: (1) PTH monotherapy; (2) ALN monotherapy; and (3) concurrent PTH + ALN. Quantitative computed tomography revealed severe blunting of BMD increases to PTH in the PTH + ALN group. Finally, patients on concurrent PTH + ZOL therapy were compared with patients on ZOL alone or PTH monotherapy (9) . Contrary to the results obtained with ALN in the , and f) We compared the anabolic therapies PTH + RAL, PTH + ZOL, and PTH with each other and with VEH using the three serum parameters as endpoints. (g) We compared VEH with RAL monotherapy using RANKL/OPG as the endpoint. Statistical analyses were performed using two-way analyses of variance, setting genotype and treatment as the independent variables. Statistical significance was set at P # 0.05. The data represent mean 6 standard deviation, n = 6 to 7 (OCN, CTX, RANKL/OPG). See text for explanation of results. doi: 10.1210/en.2017-00355 https://academic.oup.com/endoPTH and alendronate study, greater increases in BMD were observed with concurrent PTH + ZOL treatment than the monotherapies (7, 9, 16, 44 ). In the current study, PTH and RAL showed a synergistic drug interaction throughout the analyzed skeletal sites, including the WB BMD, cortical bone area, femur, and L5 trabecular bone volume. PTH + ZOL generally equaled the therapeutic performance of PTH + RAL with respect to bone gain, but the synergistic interaction of PTH and ZOL was more limited with respect to skeletal sites. PTH + ALN was the least efficacious of the concurrent combination therapies and did not outperform the PTH monotherapy. The loss of Nmp4 further improved the gains in femoral trabecular bone obtained with the concurrent PTH + RAL and PTH + ZOL combination treatments and with the RAL monotherapy, resolving our primary queries as to whether the heightened osteoanabolism of the Nmp4 2/2 skeleton would boost the restorative response to diverse osteoporosis treatments. We observed a strong genotype 3 treatment interaction under the anabolic therapies of PTH, PTH + RAL, and PTH + ZOL for femoral BV/TV and for multiple trabecular bone architectural parameters. The improved RAL monotherapyinduced increases in femoral BV/TV and other trabecular architectural parameters were unanticipated because the Nmp4 2/2 skeletal phenotype is distinguished by the exaggerated response to anabolic cues (18, 22, 23, 38, 45) . And, indeed, in the current study, the Nmp4 2/2 mice showed no improved response with the bisphosphonates. The hyperanabolic phenotype of the Nmp4 2/2 bone marrow osteoprogenitors and their progeny most likely drives the improved responses to the osteoporosis therapies observed in the current study. Moreover, loss of Nmp4 had no effect on the cellular or serum parameters of the resorption arm in cohorts under the anabolic therapies. The elevated expressions of c-MYC and GADD34 in the Nmp4 2/2 cells (26) may underlie their precocious and enhanced mineralization in culture (18) . c-MYC is a potent inducer of ribosome biogenesis (46) , and the Nmp4 2/2 MSPCs show significantly elevated global protein synthesis (26) , consistent with the increased bone matrix production. The subsequent increase in the load of endoplasmic reticulum client proteins typically triggers the UPR, which in turn diminishes global protein synthesis via the phosphorylation of eIF2a (47) . Upon resolution of endoplasmic reticulum stress, GADD34 serves as a feedback mechanism to dephosphorylate eIF2a, facilitating resumption of protein synthesis. However, in the Nmp4 2/2 cells, the high expression of GADD34 maintains elevated matrix synthesis throughout UPR activation without initiating apoptosis (26).
In the current study, the PTH + RAL therapy significantly expanded the bone marrow pool of the Nmp4 2/2 hyperanabolic osteoprogenitors. Although the RAL monotherapy increased the number of these cells in both genotypes, the heightened osteoanabolism of the Nmp4 2/2 osteoprogenitors and their progeny is consistent with the enhanced RAL-induced increase in femoral BV/TV compared with the WT mice. RAL has been shown to have tonic effects on osteogenic cells both in vivo and in vitro, depending on the model system, and the concentration and duration of exposure to this drug (48) (49) (50) (51) (52) (53) (54) (55) . The ZOL monotherapy had no impact on this bone marrow population in our study, but the substitution of ZOL for RAL in the concurrent combination regimen abrogated the expansion of the Nmp4 2/2 osteoprogenitor pool, suggesting that the PTH + ZOL combination lacked the boost to this cell population provided by combining PTH with RAL. Bisphosphonates have both tonic as well as toxic effects on osteogenic cells, depending on various factors (56) (57) (58) (59) (60) . Therefore, Nmp4 may play a role in osteogenic cell response to anticatabolics without influencing the impact of these drugs on the resorption arm. This may explain why treatment with the amino-bisphosphonate ALN was less successful at enhancing bone mass than the amino-bisphosphonate ZOL when applied either alone or in combination with PTH. There are a number of factors that may explain the differences between ALN and ZOL efficacy in our study. ZOL is a significantly more potent bisphosphonate than ALN due in part to its stronger binding to both farnesyl pyrophosphate synthase enzyme and bone (61) . Interestingly, the frequency of dosing may also contribute to the differences obtained in our investigation and prior studies. Specifically, osteoblasts may take up bisphosphonates by pinocytosis, leading to the inhibition of the mevalonate pathway, and it has been speculated that the more frequent dosing with ALN compared with ZOL may increase exposure of osteoblasts to bisphosphonates from the interstitial fluid (7). However, in the present model, the PTH + ZOL therapy was equally effective as the PTH + RAL treatment at increasing femoral BV/TV. This observation is consistent with a previous study showing that intermittent PTH significantly increased the luciferase activity of tagged bone marrow stromal cells used to generate bony ossicles implanted in immunocompromised mice, but combining ZOL with PTH treatment reduced this hormone-mediated increase in luciferase activity without attenuating the PTH-induced increase in total bone (62) . Therefore, it is likely that osteoprogenitors alone do not drive the heightened pharmacologically induced osteoanabolism observed in the Nmp4 2/2 mouse, and that bone lining cells, osteoblasts, and perhaps osteocytes also contribute to this phenotype. Studies using conditional deletion of this gene are required to fully interrogate the cellular hierarchy of the Nmp4 2/2 skeletal phenotype. The implication regarding osteoporosis treatment is that disabling Nmp4 will boost whatever anabolic activity is associated with any particular therapy. Suppression of sclerostin with the drug romozosumab, a bone formation inhibitor, represents a route to bone anabolism and is proof of principle that impeding osteogenic inhibitors is a powerful approach to therapy (1). Nmp4 is another kind of inhibitor in that its inactivation boosts the response potency to osteoanabolics, but, unlike romozosumab, does not impact baseline skeletal phenotype.
The expansion of the Nmp4 2/2 osteogenic reserve did not appear to occur at the expense of marrow adipogenic potential. Bone marrow fat cells derive from heterogeneous populations of MSPCs, not all of which have the capacity for committing to the adipogenic lineage (63, 64) . Our present data revealed no genotype effect for adipocyte number. However, these data showed a strong treatment effect in that PTH-based therapies reduced bone marrow adipogenesis in both the WT and Nmp4
2/2
mice. This is consistent with the previous observations that osteoporosis patients as well as ovariectomized rats exhibit an enhanced fat in the marrow (65, 66) and that PTH attenuates marrow adiposity in both rats (65) and in postmenopausal osteopenic women (67) . The improved gains in the Nmp4 2/2 L5 trabecular architecture were more moderate than those observed in the femur, although loss of Nmp4 increased L5 BV/TV across the anabolic treatment groups as a whole and improved anabolic therapeutic thickening of the trabeculae. The observed weaker response of the rodent spine to PTH-based therapies compared with that of the femur is consistent with previous observations in C57BL/ 6 mice and is perhaps related to weight bearing (68) . The exaggerated recovery of Nmp4 2/2 trabecular bone did not come at the cost of therapeutic gains in the cortical compartment. We previously demonstrated that the Nmp4 2/2 osteoprogenitors express elevated levels of the PTH1R receptor and that these null cells exhibited an exaggerated response to hormone challenge (18). Calvi et al. (37) reported that constitutively active PTH1R in osteoblasts resulted in mice with increased trabecular bone volume, but decreased cortical thickness. Additionally, the elevation in PTH-induced remodeling typically leads to increased cortical porosity (69-72) with potentially detrimental effects on bone strength (7) . However, our present data showed that the exaggerated response to PTH and the concurrent combination therapies in the Nmp4 2/2 mice did not compromise improvements in cortical area and cortical thickness nor WB BMD, which is typically 80% cortical. "The quest will continue for the 'holy grail' of anabolic osteoporosis therapies, which will optimize the impact on bone formation relative to resorption" (73) . This medical objective requires the use of clinical, preclinical, and basic science research. Jilka has incisively described the advantages and limitations of mouse models for investigating the pathophysiology of osteoporosis and its treatment (74) , and the present model is no exception. However, the principal extraordinary feature of the Nmp4 2/2 phenotype is the exaggerated skeletal responses to diverse osteoanabolic therapies, whereas bone development, growth, and baseline phenotype are all largely unexceptional in the absence of provocation (18, 20, 21, 23) . This demonstrates a clear and unique advantage of developing Nmp4 or one of its upstream/ downstream components as a target to significantly improve efficacy of existing therapies. Moreover, because the loss of Nmp4 appears to enhance the response potency to other anabolic signals (23), we propose that abaloparatide or other PTH peptides may produce a similar heightened anabolism in these mice. Finally, this unique preclinical tool provides an opportunity for investigating the intrinsic critical barriers to pharmacologically induced bone formation.
